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(57) ABSTRACT 

The present invention provides methods, formulation and kits 
for the synthesis of long nucleic acid fragments. An improved 
PCR method is provided for amplifying long DNA frag 
ments. In particular, a single thermostable DNA polymerase 
is used for the rapid ampli?cation of over 10 kb long DNA 
fragments. Also provided is a method for extending long 
complementary DNA strands using this single enzyme for 
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SINGLE ENZYME SYSTEM FOR FAST, 
ULTRA LONG PCR 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application claims priority to US. provisional patent 
application Nos. 61/016,850 ?led Dec. 27, 2007 and 61/025, 
047 ?led Jan. 31, 2008; the entire disclosures of Which are 
incorporated herein by reference in their entireties. 

FIELD OF THE INVENTION 

The present invention relates to a method for the synthesis 
of long nucleic acid fragments. In particular, the invention 
relates to a PCR method for the ampli?cation of long and ultra 
long nucleic acid fragments using a formulation containing a 
single DNA polymerase. 

BACKGROUND OF THE INVENTION 

As the ?eld of Genomics has developed there has been an 
increasing need to isolate and analyze longer and longer 
contiguous stretches of nucleic acid. Methods for disease 
gene discovery and analysis Would be facilitated by the ability 
to easily and rapidly obtain these sequences. For example, the 
analysis of genetic haplotypes, Which require determining 
marker alleles over long contiguous DNAs, is currently very 
dif?cult and frequently done by statistical methods. A method 
that can simply and rapidly isolate long contiguous stretches 
of DNA Would greatly simplify this analysis and enable neW 
studies in this ?eld. 

Current methods for amplifying very long DNAs suffer 
from several drawbacks. Cheng et al., Proc. Natl. Acad. Sci. 
USA. 91 (12): 5695-5699 (1994). The reactions are sloW, With 
extension times on the order of 1.0 min per kb of extended 
amplicon. Thus a 20 kb amplicon takes more than 20 min of 
extension time per cycle or over 6 hours of PCR reaction time. 
Ampli?cation of larger DNAs is prohibitively sloW. Such 
extended incubations at the elevated temperatures of PCR tax 
the physical and chemical stability of the nucleotides, DNA 
and polymerase in the reactions and therefore make improve 
ments dif?cult. Also the current commercial kit formulations 
for amplifying DNAs of this length require a mixture of tWo 
distinct DNA polymerases, a polymerase With a 3'-5' proof 
reading activity and a non-proofreading DNA polymerase. 
Because this formulation requires tWo polymerases, it is dif 
?cult to optimize, troubleshoot or control. Thus, it is desirable 
to have a method for the rapid ampli?cation of long nucleic 
acid fragments, using a simple, single enzyme formulation. 
A thermostable DNA polymerase gene for Tba DNA poly 

merase Was isolated and cloned from T hermococcus barossii, 
a thermophilic organism obtained from deep vent ?ange, 
Endeavor Segment, Juan de Fuca Ridge, off the coast of 
Washington State in the USA. (Duffaud G D, Syst Appl 
Microbiol. 21 (1):40-49 (1998)). Characterization of the puri 
?ed Tba DNA polymerase shoWed that it possesses an active 
proofreading function in addition to its DNA-dependent 
DNA polymerase activity. Comparison to other DNA poly 
merases revealed that Tba DNA polymerase is a member of 
the Family B DNA polymerases and is approximately 80% 
conserved compared With the Pfu and T lilloralis DNA poly 
merases (US. Pat. No. 5,602,011). 

Alteration of the FDIET sequence to FAIAT has been 
shoWn in some polymerases to decrease the nuclease activi 
ties. (Derbyshire, V. et al., Science 240:199-201, 1988; Ber 
nad, A. et al., Cell 59:219-228, 1989; Frey, M. W. et al., Proc. 
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2 
Natl. Acad. Sci. USA 90:2579-2583, 1993; US. Pat. No. 
5,489,523) US. Pat. No. 5,882,904 discloses that the Tba 
DNA polymerase can be engineered to have a reduced 3'-5' 
exonuclease activity. Speci?cally, the FDIET amino acid 
sequence (residues 140-144 of native Tba DNA polymerase) 
has been altered to FAIAT to generated the exo* DNA poly 
merase. 

SUMMARY OF THE INVENTION 

A neW method for PCR ampli?cation of long DNA frag 
ments is disclosed. This is achieved using a single DNA 
polymerase system Which is also substantially faster than 
previously knoWn methods particularly for ampli?cation of 
long sequences greater than about 5 kb. The resulting ampli 
?ed product may be used as hybridization probes, as sequenc 
ing templates and may be digested With restriction endonu 
cleases for ?ngerprinting or for other doWnstream analysis 
purposes. 

In one aspect of the invention, a method for PCR ampli? 
cation of long nucleic acid sequences is provided. The 
method comprises ?rst providing a nucleic acid target; then 
adding oligonucleotide primers, a single thermally stable 
DNA polymerase and deoxynucleoside triphosphates to form 
a reaction mixture; and then incubating the reaction mixture 
under thermal cycling conditions to promote ampli?cation of 
the target by multiple rounds of extension of primers to form 
ampli?ed PCR product. 
The invention improves upon previous PCR methods in 

that it uses a single DNA polymerase enzyme for ampli?ca 
tion of long PCR fragments in the absence of any other 
enzyme or protein or peptide co-factor. The single enzyme 
system is capable of amplifying PCR products of at least 10 
kb in length, such as at least 20 kb in length, or more than 40 
kb in length, or even over 100 kb in length. 
The invention further improves upon the previous PCR 

methods in that the speed of polymerization and thereby 
ampli?cation is greatly increased. Therefore the extension 
time required is much less than about one minute per kb, or 
even less than about one minute per 2 kb, or even less than 
about one minute per 5 kb. In certain embodiments, the exten 
sion time is less than about one minute per 10 kb, or even less 
than about one minute per 20 kb. 

In certain embodiments of the invention, the single ther 
mostable DNA polymerase is one of Tba DNA polymerase, 
Tba exo* DNA polymerase, Tli DNA polymerase, Tli exo* 
DNA polymerase, Pfu DNA polymerase, Pfu exo‘ DNA 
polymerase, Deep Vent DNA polymerase and Deep Vent exo' 
DNA polymerase. In a preferred embodiment, the single 
DNA polymerase is Tba DNA polymerase. In a most pre 
ferred embodiment, the single DNA polymerase is Tba exo* 
DNA polymerase. 

In some embodiments, the nucleic acid target being ampli 
?ed is a loW-complexity nucleic acid sample, such as puri?ed 
DNA from a bacteriophage or virus. In other embodiments, 
the nucleic acid target being ampli?ed is high-complexity 
genomic DNA, such as genomic DNA from plants or animals. 
In a preferred embodiment, the nucleic acid target is human 
genomic DNA. 

In certain embodiments, the ampli?cation primers are exo 
nuclease resistant primers. In one preferred embodiment, the 
primers have LNA nucleotides or have one or more phospho 
rothioate linkages in place of the usual phosphodiesters at or 
near the 3' termini of the primers. 

In a second aspect, the invention provides a formulation for 
PCR ampli?cation of long nucleic acid fragments. The for 
mulation comprises of a single thermostable DNA poly 
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merase, oligonucleotide primers, dNTPs, a nucleic acid tem 
plate and a reaction buffer suitable for performing the 
ampli?cation reaction. The PCR product ampli?ed using this 
formulation is at least 10 kb long, yet the formulation does not 
include a second enzyme or polymerase or protein or peptide 
co-factor composition. Preferably, the neW formulation 
ampli?es PCR products of at least 20 kb in length, or more 
than 40 kb in length, or even over 100 kb in length. 
An added bene?t of the formulation of the invention is that 

the speed of polymerization or ampli?cation is greatly 
increased. Therefore the extension time required is less than 
about one minute for 2 kb, or even one minute for 5 kb. In 
preferred embodiments, the extension time is less than about 
one minute for 10 kb or even about one minute for 20 kb. 

The single DNA polymerase in the formulation is prefer 
ably a Tba DNA polymerase. In a most preferred embodi 
ment, the polymerase is Tba exo* DNA polymerase. The 
nucleic acid template is either a loW complexity nucleic acid 
sample, such as puri?ed DNA from a bacteriophage or virus, 
or alternatively high complexity, genomic DNA, such as 
genomic DNA isolated from plants or animals. In a preferred 
embodiment, the nucleic acid target is puri?ed human 
genomic DNA. The ampli?cation primers can include exo 
nuclease resistant primers, such as ones having LNA nucle 
otides or ones With one or more phosphorothioate linkages in 
place of the usual phosphodiesters at or near the 3' termini. 

In another aspect, the invention provides a kit for PCR 
ampli?cation of long nucleic acid products of at least 10 kb. 
The kit comprises a single thermostable DNA polymerase, 
nucleotides, a reaction buffer suitable for performing the 
ampli?cation reaction and a user manual. Optionally, the kit 
also includes oligonucleotide primers that could be exonu 
clease resistant, containing LNA nucleotides or With one or 
more phosphorothioate linkages in place of the usual phos 
phodiesters at or near the 3' termini. The reaction components 
of the kit are provided in one or more vials. The long PCR kit 
does not include a second enzyme, polymerase, protein or 
peptide co-factor composition, yet it ampli?es PCR products 
of at least 20 kb in length, or more than 40 kb in length, or even 
over 100 kb in length. 
An added bene?t of the neW kit is that the speed of exten 

sion is greatly increased. Therefore the extension time 
required is less than about one minute for 2 kb, or even one 
minute for 5 kb. In preferred embodiments, the extension time 
is less than about one minute for 10 kb, or even about one 
minute for 20 kb. 

The single DNA polymerase in the kit is preferably a Tba 
DNA polymerase. In a most preferred embodiment, the poly 
merase is Tba exo* DNA polymerase. The kit is suitable for 
amplifying nucleic acid templates of either a loW complexity, 
or alternatively a high complexity, such as genomic DNA 
isolated from plants or animals. 

In yet another aspect of the invention, a method is provided 
for synthesizing a complementary strand of a long target 
nucleic acid molecule. The method comprises ?rst exposing 
the target nucleic acid molecule to a complementary primer 
molecule to effect hybridization of the primer to the target; 
and extending the primer, at high temperature, in the presence 
of a single thermostable DNA polymerase and dNTPs under 
polymerization conditions to extend the nucleic acid strand to 
over 10 kb in length. 

The invention uses a single DNA polymerase enzyme for 
extension of a long, complementary nucleic acid strand in the 
absence of any other DNA polymerase enzymes. The single 
enzyme system extends a nucleic acid strand of at least 10 kb 
in length. Preferably, the neW method extends a nucleic acid 
strand of at least 20 kb in length, or more than 40 kb in length, 
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4 
or even over 100 kb in length. An added bene?t of the inven 
tion lies in the increased speed of polymerization. The poly 
merization or extension time required is less than about one 
minute for 2 kb, or even less than about one minute for 5 kb. 
In preferred embodiments, the extension time is less than 
about one minute for 10 kb, or even less than about one 
minute for 20 kb. 

The single thermostable DNA polymerase useful for the 
complementary strand extension reaction is preferably the 
Tba DNA polymerase. More preferably, the DNA poly 
merase is the Tba exo* DNA polymerase. In some embodi 
ments, the nucleic acid target is a loW complexity nucleic acid 
sample. In other embodiments, the target is genomic DNA, 
such as genomic DNA from plants or animals. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 displays on an agarose electrophoresis gel, the prod 
ucts of an ampli?cation using Tba DNA polymerase to 
amplify a 20 kb lambda DNA amplicon. The expected prod 
uct size is indicated. M-DNA markers (Lambda DNA cut 
With HindIII). Variations in buffer conditions are indicated. 

FIG. 2 displays on an agarose electrophoresis gel, the prod 
ucts of an ampli?cation using Tba or Tba Exo* DNA poly 
merase to amplify a 47 kb lambda DNA amplicon With vary 
ing amounts of a thermostable single stranded DNA binding 
protein from NeW England Biolabs (ET SSB). The expected 
product size is indicated. M-DNA markers. 

FIG. 3 displays on an agarose electrophoresis gel, the prod 
ucts of an ampli?cation using Tba DNA polymerase to 
amplify a 22 kb lambda DNA amplicon. The expected prod 
uct size is indicated. M-DNA marker. Variations in buffer 
conditions are indicated: S-standard buffer, ABI-GeneAmp 
XL PCR buffer. Extension times are indicated. 

FIG. 4 displays on an agarose electrophoresis gel, the prod 
ucts of an ampli?cation using Tba or Tba Exo* DNA poly 
merase to amplify a 22 kb lambda DNA amplicon. The 
expected product size is indicated. M-DNA marker. Varia 
tions in extension temperature and nucleotide concentrations 
and template DNA amounts are indicated. The last set of lanes 
contains equivalent volumes of starting reactions Without 
PCR cycling. 

FIG. 5 displays on an agarose electrophoresis gel, the prod 
ucts of an ampli?cation using Tba Exo* DNA polymerase to 
amplify a 22 kb lambda DNA amplicon With varying concen 
trations of magnesium acetate. The expected product size is 
indicated. M-DNA marker. Also presented is a quantitative 
graph of band intensity. 

FIG. 6 displays the products of an ampli?cation using Tba 
or Tba Exo* DNA polymerase to amplify a 22 kb lambda 
DNA amplicon With varying concentrations of input template 
DNA. The expected product size is indicated. M-DNA 
marker. The last set of lanes contains equivalent volumes of 
starting reactions Without PCR cycling. 

FIG. 7 displays on an agarose electrophoresis gel, the prod 
ucts of an ampli?cation using Tba Exo* DNA polymerase to 
amplify a 22 kb lambda DNA amplicon in the presence of 
increasing amounts of human genomic DNA With either nor 
mal or phosphorothioate primers. The expected product size 
is indicated. M-DNA marker. 

FIG. 8 displays on an agarose electrophoresis gel, the prod 
ucts of an ampli?cation using Tba Exo* DNA polymerase to 
amplify a 10.9 kb E. coli genomic DNA amplicon. Amounts 
of E. coli genomic DNA are indicated, as are variations in 
PCR extension times. The expected product size is indicated. 
M-DNA marker. 
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FIG. 9 displays on an agarose electrophoresis gel, the prod 
ucts of an ampli?cation using Tba Exo* DNA polymerase to 
amplify a 22 kb lambda lysogen amplicon in E. coli genomic 
DNA. Amounts of E. coli genomic DNA are indicated, as are 
variations in PCR extension times. The expected product siZe 
is indicated. M-DNA marker. 

FIG. 10 displays on an agarose electrophoresis gel, the 
products of an ampli?cation using Tba Exo* DNA poly 
merase to amplify a 10.9 kb amplicon from genomic DNA 
isolated from three strains of Staphylococcus aureus subsp. 
aureus. Amounts of S. aureus genomic DNA are indicated, as 
are variations in PCR extension times. The expected product 
siZe is indicated. 

FIG. 11 displays on an agarose electrophoresis gel, the 
products of an ampli?cation in the presence of various con 
centrations of tetramethylene sulfoxide (TMSO) using Tba 
Exo* DNA polymerase of several amplicons from 10 ng of 
the very GC rich genomic DNA isolated from Rhodobacler 
spheroides. The expected product siZes are given. 

FIG. 12 displays on an agarose electrophoresis gel, the 
products of an ampli?cation using Tba Exo* DNA poly 
merase to amplify a 12.4 kb amplicon of mitochondrial DNA 
present in human genomic DNA. Amounts of human 
genomic DNA are indicated, as are variations in PCR exten 
sion times and number of cycles. The expected product siZe is 
indicated. M-DNA marker. 

FIG. 13 displays on an agarose electrophoresis gel, the 
products of an ampli?cation using Tba Exo* DNA poly 
merase of several amplicons in human genomic DNA both as 
individual ampli?cations and in multiplex. The expected 
product siZes are indicated. M-DNA marker. 

FIGS. 14A and 14B display on agarose electrophoresis 
gels, the products of ampli?cation using Tba Exo* DNA 
polymerase of a series of tiled amplicons across the CFTR 
gene from human genomic DNA. FIG. 14A. 19-20 kb ampli 
cons. The expected product siZes are indicated. M-DNA 
marker. FIG. 14B. Tiled approximately 40 kb amplicons. 
Numbers refer to amplicon map. FIG. 14C. Amplicon map of 
the CFTR gene. 

DETAILED DESCRIPTION OF THE INVENTION 

The methods disclosed relate to analysis of DNA and in 
particular to analyses that depend on the sequence of DNA, 
often used for determining genotype as Well as original 
sequence information. It also pertains to ampli?cation of 
DNA sequences. Ampli?cation means synthesis of neW 
strands of DNA that have complimentary sequence to the 
original, preserving the original sequence information. More 
speci?cally, the invention relates to improved methods for the 
polymerase chain reaction (PCR). Applicants have found that 
With the improved method, long PCR fragments of greater 
than 10 kb can be routinely obtained, and at a fraction of the 
time as compared to previous methods. Also provided are 
formulations and kits for performing the instant methods. 

The polymerase chain reaction (PCR) is de?ned as a pro 
cess for amplifying at least one speci?c nucleic acid sequence 
contained in a nucleic acid or a mixture of nucleic acids 
Wherein each nucleic acid consists of tWo separate comple 
mentary strands. First, the strands are denatured and com 
bined With tWo oligonucleotide primers, for the speci?c 
sequence being ampli?ed. The primer sequences being cho 
sen such that the extension product synthesiZed from one 
primer, When it is separated from its complement, can serve as 
a template for synthesis initiated by the other primer. The 
primers are extended using DNA polymerase then the exten 
sion products denatured by heating or other means to produce 
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6 
single-stranded molecules. Upon cooling to an annealing 
temperature, the single-stranded molecules generated anneal 
With the primers and are again ready to be extended by DNA 
polymerase at the annealing temperature or extension tem 
perature. The process is repeated one or more times resulting 
in exponential ampli?cation of the sequences “betWeen” the 
priming sites (i.e., the amplicon)isee, e.g., U.S. Pat. No. 
4,683,202. 

Thus one aspect the invention provides a method for PCR 
ampli?cation of long nucleic acid sequences. The method 
comprises providing a nucleic acid target; adding oligonucle 
otide primers, a thermostable DNA polymerase and deoxy 
nucleoside triphosphates (dNTPs) to form a reaction mixture, 
and incubating the reaction mixture under thermal cycling 
conditions to promote ampli?cation of the target by extension 
of primers to form multiple ampli?ed PCR products. Appli 
cants have unexpectedly discovered that, using certain DNA 
polymerases and buffer compositions, long PCR fragments 
are routinely ampli?ed. The methods not only amplify long 
fragments, the extension time required is also reduced sub 
stantially. In addition, ampli?cation is achieved using a single 
thermostable DNA polymerase, Without other enzyme, pro 
tein or peptide co-factors, an added bene?t from the prior art 
long range PCR ampli?cation methods Which require a mix 
ture of tWo enZymes. 
By thermostable is meant having the ability to Withstand 

temperatures up to 95° C. for many minutes Without becom 
ing irreversibly inactivated or denatured, and the ability to 
polymeriZe DNA at high temperatures (600 to 75° C.). In 
particular, the inventors have found that certain members of 
the family B thermostable DNA polymerases are capable, 
under certain conditions, of amplifying long nucleic acid 
fragments at an increased speed, in the absence of any addi 
tional DNA polymerase enZymes. Preferably, the thermo 
stable DNA polymerase is selected from the group consisting 
of Tba, Pyrococcus furiosis (Pfu), Thermococcus liloralis 
(Tli) and Pyrococcus sp. GB-D (Deep Vent) DNA poly 
merases. Also preferably, the thermo stable DNA polymerase 
has decreased 3'-5' exonuclease activity. The thermostable 
DNA polymerase is preferably Tba DNA polymerase. Most 
preferably, the thermostable DNA polymerase is Tba exo* 
DNA polymerase. 
By “Tba DNA polymerase” is meant a DNA polymerase 

corresponding to one naturally isolated from T hermococcus 
barossii. SEQ ID NO: 1 is an amino acid sequence of one 
preferred form of Tba DNA polymerase, disclosed in Us. 
Pat. No. 5,882,904, the disclosure of Which is hereby incor 
porated by reference in its entirety. 

Tba DNA polymerase 
(SEQ ID NO: 

DREFEPYIYA 
1) 

MILDVDYITE DGKPVIRVFK KDKGEFKIEY 

LLRDDSAIEE IEKITAERHG KVVKVKRAEK VKKKFLGRSV 

EVWVLYFTHP QDVPAIRDKI RKI-IPAVIDIY EYDIPFAKRY 

LIDKGLVPME GDEELKLMSF DIETLYHEGE EFGTGPILMI 

SYADESEARV ITWKKIDLPY VDVVSTEKEM IKRFLKVVKE 

KDPDVLITYN GDNFDFAYLK KRCEKLGVSF TLGRDGSEPK 

IQRMGDRFAV EVKGRIHFDL YPVIRRTINL PTYTLEAVYE 

AVFGKPKEKV YAEEIATAWE TGEGLERVAR YSMEDARVTY 

ELGREFFPME AQLSRLIGQG LWDVSRSSTG NLVEWFLLRK 
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— cont inued 
AYERNELAPN KPDERELARR RGGYAGGYVK EPERGLWDNI 

VYLDFRSLYP SIIITHNVSP DTLNREGCKS YDVAPQVGHK 

FCKDFPGFIP SLLGNLLEER QKIKRKMKAT LDPLERKLLD 

YRQRAIKILA NSFYGYYGYA RARWYCKECA ESVTAWGREY 

IEMVIRELEE KFGFKVLYAD TDGLHATIPG ADAETVKKKA 

MEFLNYINPK LPGLLELEYE GFYVRGFFVT KKKYAVIDEE 

GKITTRGLEI VRRDWSEIAK ETQARVLEAI LRHGDVEEAV 

RIVKEVTEKL SKYEVPPEKL VIHEQITREL KDYKATGPHV 

AIAKRLAARG IKIREGTVIS YIVLKGSGRI GDRAIPFDEF 

DPTKI-IRYDAD YYIENQVLPA VERILRAFGY KKEDLRYQKT 

RQVGLGAWLG MGGERLKL 

By “Tba exo* DNA polymerase” is meant a DNA poly 
merase engineered to have reduced 3'-5' exonuclease activity, 
from the naturally isolated Tba DNA polymerase, disclosed 
in Us. Pat. No. 5,882,904, the disclosure ofWhich is hereby 
incorporated by reference in its entirely. SEQ ID NO: 2 shoWs 
an amino acid sequence of the Tba exo* DNA polymerase. 

Tba exo* DNA polymerase 
(SEQ ID NO: 

DREFEPYIYA 
2) 

MILDVDYITE DGKPVIRVFK KDKGEFKIEY 

LLRDDSAIEE IEKITAERHG KVVKVKRAEK VKKKFLGRSV 

EVWVLYFTHP QDVPAIRDKI RKI-IPAVIDIY EYDIPFAKRY 

LIDKGLVPME GDEELKLMSF AIATLYHEGE EFGTGPILMI 

SYADESEARV ITWKKIDLPY VDVVSTEKEM IKRFLKVVKE 

KDPDVLITYN GDNFDFAYLK KRCEKLGVSF TLGRDGSEPK 

IQRMGDRFAV EVKGRIHFDL YPVIRRTINL PTYTLEAVYE 

AVFGKPKEKV YAEEIATAWE TGEGLERVAR YSMEDARVTY 

ELGREFFPME AQLSRLIGQG LWDVSRSSTG NLVEWFLLRK 

AYERNELAPN KPDERELARR RGGYAGGYVK EPERGLWDNI 

VYLDFRSLYP SIIITHNVSP DTLNREGCKS YDVAPQVGHK 

FCKDFPGFIP SLLGNLLEER QKIKRKMKAT LDPLERKLLD 

YRQRAIKILA NSFYGYYGYA RARWYCKECA ESVTAWGREY 

IEMVIRELEE KFGFKVLYAD TDGLHATIPG ADAETVKKKA 

MEFLNYINPK LPGLLELEYE GFYVRGFFVT KKKYAVIDEE 

GKITTRGLEI VRRDWSEIAK ETQARVLEAI LRHGDVEEAV 

RIVKEVTEKL SKYEVPPEKL VIHEQITREL KDYKATGPHV 

AIAKRLAARG IKIRPGTVIS YIVLKGSGRI GDRAIPFDEF 

DPTKI-IRYDAD YYIENQVLPA VERILRAFGY KKEDLRYQKT 

RQVGLGAWLG MGGERLKL 

The reaction conditions for PCR are Well-knoWn in the 
?eld of molecular biology. The optimal reaction conditions 
have been determined for the Tba DNA polymerase (US. Pat. 
No. 5,602,011). For long PCR, the reaction conditions are 
further optimiZed. In general, the reactions Work reasonably 
Well in a buffer containing Tricine-KOH, pH 8.7, in the pres 
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8 
ence of a potassium salt and a magnesium salt. In particular, 
it is found that an increased concentration of dNTPs produces 
better ampli?cation results. It is also found that betWeen 
40-80 mM potassium chloride or potassium acetate is desir 
able. In addition, a narroW range of magnesium salt concen 
tration is needed for the optimal performance of the reaction 
system, although the Working concentrations depend on the 
concentration of nucleotides used for each reaction. As With 
other PCR methods, a suitable detergent is also included in 
the reaction system for optimal polymerization by the 
enzyme. 
The oligonucleotide primers useful for the current methods 

are designed to be complementary to certain portions of 
nucleic acids such that duplexes canbe formedbetWeen them. 
The stability of these duplexes can be calculated using knoWn 
methods such as those described in Lesnick and Freier, Bio 
chemistry 34:10807-10815 (1995). The oligonucleotide 
primers useful in the processes of ampli?cation can be of any 
designed length. For example, such primers may be of a 
length of from at least 10 to about 30-50 nucleotides long, 
preferably about 10 to 35 nucleotides in length, most prefer 
ably from about 15 to about 30 nucleotides in length. 
The oligonucleotide primers may be used in single pairs to 

amplify single regions falling betWeen them. Alternatively 
multiple single pairs of oligonucleotides, each pair amplify 
ing a single speci?c region, may be combined in a single 
reaction to generate a multiplex reaction Where multiple spe 
ci?c products are generated in the same reaction. This has the 
effect of decreasing the number of reactions needed and 
alloWs direct comparison of products from the same reaction. 
As shoWn in the examples beloW, the long PCR reactions 
generated in this system are amenable to multiplexing. 

Exonuclease-resistant primers are useful in increasing the 
yield of ampli?cation reactions. Exonuclease-resistant prim 
ers useful in the methods disclosed herein may include modi 
?ed nucleotides to make them resistant to exonuclease diges 
tion. For example, a primer may possess one, tWo, three or 
four phosphorothioate linkages betWeen nucleotides at the 3' 
end of the primer. Similarly, primers containing locked 
nucleic acid nucleotides (having 2'-4' methylene-bridged 
ribose, LNA) can be resistant to exonuclease digestion. 
The ampli?cation step can include processes Wherein the 

primers contain at least one nucleotide that makes the primer 
resistant to degradation, commonly by an enZyme, especially 
by an exonuclease and most especially by 3'-5'-exonuclease 
activity. In such an embodiment, at least one nucleotide may 
be a phosphorothioate nucleotide or some modi?ed nucle 
otide. Such nucleotide is commonly a 3'-terminal nucleotide 
but the processes described here also relate to methods Where 
such a nucleotide is located at other than the 3'-terminal 
position and Wherein the 3'-terminal nucleotide of said primer 
can be removed by 3'-5'-exonuclease activity. 

Ampli?cation target DNA useful in the processes disclosed 
are DNA or RNA molecules, either single or double stranded, 
including DNA-RNA hybrid molecules generally containing 
betWeen 10,000 and 500,000 nucleotides. It can be preferable 
that the DNA is in the range of 10,000 to 200,000 nucleotides. 
HoWever, it is expected that there Will be no upper limit to the 
siZe of the target. Where the target is a duplex, such numbers 
are intended to refer to base pairs rather than individual nucle 
otide residues. The target templates useful in the processes 
disclosed herein may have functionally different portions, or 
segments, making them particularly useful for different pur 
poses. At least tWo such portions Will be complementary to 
one or more oligonucleotide primers and, When present, are 
referred to as primer complementary portions or sites. Ampli 
?cation targets useful in the methods disclosed include, for 
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example, those derived directly from such sources as a bac 
terial colony, a bacteriophage, a virus plaque, a yeast colony, 
a baculovirus plaque, as Well as native or transiently trans 
fected eukaryotic cells and tissue samples. Such sources may 
or may not be lysed prior to obtaining the targets. Where such 
sources have been lysed, such lysis is commonly achieved by 
a number of means, including Where the lysing agent is heat, 
an enZyme, the latter including, but not limited to, enZymes 
such as lysoZyme, helicase, glucylase, and Zymolyase, or 
such lysing agent may be an organic solvent or a solution of 
high pH and may include a detergent. 

The target nucleic acid may be, for example, a single or 
double stranded bacteriophage or virus DNA, plasmid, 
cosmid, BAC, YAC or other construct or vector. Alternatively, 
the target nucleic acid may be genomic DNA from e. g., bac 
terium, plant or animal cells or tissue samples. Prior to ampli 
?cation, the target nucleic acid is optionally puri?ed or 
enriched. 

For certain embodiments of the invention, the target 
nucleic acids are of loW complexity. They are substantially 
enriched constructs, vectors or nucleic acids from small 
genomes, i.e., virus and bacteriophage. The target DNA may 
also be part of a complex mixture, such as crude cellular 
lysate, or puri?ed genomic DNA. The examples beloW shoW 
that long PCR fragments are successfully ampli?ed using 
both loW complexity sample (e.g., puri?ed bacteriophage 
lambda DNA) and more complex, genomic DNA sample. In 
addition the target DNA may vary in GC content, a parameter 
knoWn to affect the e?iciency of ampli?cation. The examples 
beloW demonstrate ampli?cation from the extremes of GC 
content from 35% GC (Staphylococcus aureus) to 68% GC 
(Rhodobacter spheroides). 
As shoWn beloW in the Examples, fragments of 20-47 kb 

are ampli?ed from puri?ed lambda DNA. Similarly, large 
fragments of 10 and 22 kb are routinely ampli?ed from bac 
terial genomic DNA. Our results also suggest that target DNA 
from more complex genomic DNA samples can be ampli?ed. 
Human mitochondrial amplicons as Well as human genomic 
fragments Were also successfully ampli?ed from human 
genomic DNA. Therefore, target DNA from a complex start 
ing material can be routinely ampli?ed by our method up to 
100 kb in length. 

Unexpectedly, the speed of DNA synthesis during the 
extension phase of the PCR cycle in the current method is also 
greatly increased as compared to previous PCR methods (~l 
kb per minute), including previous long range PCR methods 
Which require a combination of tWo enZymes. Ampli?cation 
under the current methods, using a single enZyme, is achieved 
at a rate of at least 2 kb per minute, and typically at least 5 kb 
per minute. Target DNA fragments of as long as 22 kb have be 
synthesiZed Within a minute under the current method. 

In some circumstances it may be desirable to quantitatively 
determine the extent of ampli?cation or DNA yield occurring. 
In such instances, the ampli?cation step of the present meth 
ods Work Well With any number of standard detection 
schemes, such as Where special deoxynucleoside triphos 
phates (dNTPs) are utiliZed that make it easier to perform 
quantitative measurements. The most common example is 
Where such nucleotide substrates are radiolabeled or have 
attached thereto some other type of label, such as a ?uores 
cent label or the like. These are typically used in trace 
amounts so as to minimally disturb the composition of the 
product DNA. Again, the methods that can be employed in 
such circumstances are many and the techniques involved are 
standard and Well knoWn to those skilled in the art. Thus, such 
detection labels include any molecule that can be associated 
With ampli?ed nucleic acid, directly or indirectly, and Which 
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10 
results in a measurable, detectable signal, either directly or 
indirectly. Many such labels for incorporation into nucleic 
acids or coupling to nucleic acid probes are knoWn to those of 
skill in the art. General examples include radioactive iso 
topes, ?uorescent molecules, phosphorescent molecules, 
enZymes, antibodies, probes, stains, and ligands. 

Examples of suitable ?uorescent labels include cyanine 
dyes such as Cy3, Cy3.5, Cy5, and Cy5.5, available from GE 
Healthcare (US. Pat. No. 5,268,486). Further examples of 
suitable ?uorescent labels include ?uorescein, 5,6-car 
boxymethyl ?uorescein, Texas red, nitrobenZ-2 -oxa- l ,3 -dia 
Zol-4-yl (NBD), coumarin, dansyl chloride, and rhodamine. 
Preferred ?uorescent labels are ?uorescein (5-carboxy?uo 
rescein-N-hydroxysuccinimide ester) and rhodamine (5,6 
tetramethyl rhodamine). These can be obtained from a variety 
of commercial sources. 

Labeled nucleotides are a preferred form of detection label 
since they can be directly incorporated into the products of 
ampli?cation during synthesis. Examples of detection labels 
that can be incorporated into ampli?ed DNA include nucle 
otide analogs and nucleotides modi?ed With biotin or With 
suitable haptens such as digoxygenin. Suitable ?uorescence 
labeled nucleotides are Fluorescein-isothiocyanate-dUTP, 
Cyanine-3-dUTP and Cyanine-5-dUTP (Yu et al., Nucleic 
Acids Res., 22:3226-3232 (1994)). A preferred nucleotide 
analog detection label for DNA is BrdUrd (BUDR triphos 
phate, Sigma), and a preferred nucleotide analog detection 
label is Biotin-l6-uridine-5'-triphosphate (Biotin-l6-dUTP, 
Boehringher Mannheim). Radiolabels are especially useful 
for the ampli?cation methods disclosed herein. 

Attachment of target templates or oligonucleotide primers 
to solid supports may be advantageous and can be achieved 
through means of some molecular species, such as some type 
of polymer, biological or otherWise, that serves to attach said 
primer or target template to a solid support. Such solid-state 
substrates useful in the methods described can include any 
solid material to Which oligonucleotides can be coupled. This 
includes materials such as polyacrylamide, dextran, agarose, 
cellulose, nitrocellulose, glass, polystyrene, polyethylene 
vinyl acetate, polypropylene, polymethacrylate, polyethyl 
ene, polyethylene oxide, glass, polysilicates, polycarbonates, 
TEFLONTM, ?uorocarbons, nylon, silicon rubber, polyanhy 
drides, polyglycolic acid, polylactic acid, polyorthoesters, 
polypropylfumerate, collagen, glycosaminoglycans, and 
polyamino acids. Solid-state substrates can have any useful 
form including thin ?lms or membranes, beads, bottles, 
dishes, ?bers, Woven ?bers, shaped polymers, particles and 
microparticles. A preferred form for a solid-state substrate is 
a glass slide or a microtiter dish (for example, the standard 
96-Well dish). Preferred embodiments utiliZe glass or plastic 
as the support. For additional arrangements, see those 
described in US. Pat. No. 5,854,033. 

Methods for immobilization of oligonucleotides to solid 
state substrates are Well established. Oligonucleotides, 
including address probes and detection probes, can be 
coupled to substrates using established coupling methods. 
For example, suitable attachment methods are described by 
Pease et al., Proc. Natl. Acad. Sci. USA 9l(ll):5022-5026 
(1994). A preferred method of attaching oligonucleotides to 
solid-state substrates is described by Guo et al., NucleicAcids 
Res. 22:5456-5465 (1994). 
The long products ampli?ed by the current method are 

useful for certain applications such as haplotype analysis and 
sequencing of speci?c chromosomal loci. 

In some methods for rapid PCR ampli?cation of a long 
nucleic acid fragment, a premix can be used, such as in the 
form of a kit, comprising a single thermostable DNA poly 


































